Abstract
connected with the PATTI equipment [6] . An Environmental chamber was employed in this 1 research to condition the specimens in order to perform the PATTI test over a wide range of 2 temperatures (from -10°C to 40°C). Furthermore, the fracture energy and normalised toughness 3 of different bitumen-aggregate combinations were characterised at a steady loading speed using 4 the Peel Test. In this research, Peel Tests were performed under different film thicknesses, with 5 the purpose of analysing the influence of film thickness on fracture energy. The bonding between bitumen and aggregate has been attracting attention since the 1930s [7-10 9]. Over the last three decades, many theories and test methods have been developed for the 11 purpose of studying the bitumen-aggregate interface. In order to understand the mechanisms 12 of bitumen-aggregate adhesion, principles such as chemical bonding theory [10] , electrostatic 13 theory [11] , mechanical theory [12] and thermodynamic theory [13] have been used by many 14 researchers. According to these theories, aggregate which contains more Ca, Al and Mg [14] 15 and has a porous, slightly rough surface [15] is likely to give good adhesion with bitumen.
16
While, bitumens which have more carboxylic acids and sulfoxides [16] and good wettability 17 will bond well with aggregate. Testing methods such as the boiling water test and immersion 18 test are used to characterise the adhesive properties of uncompacted mixes, but none of these 19 tests can quantify adhesion [17] . The Indirect Tensile Test [18] , Hamburg Wheel Tracking
20
Device [19] and Saturation Ageing Tensile Stiffness (SATS) test [3, [20] [21] [22] are methods which 21 focus on compacted mixtures to predict their degradation under simulated conditioning.
22
The fracture mechanics of bitumen have been studied with the utilisation of 3-Point Bending
23
[23], Plug Pull-Out [24] and Double Cantilever Beam [25] . Furthermore, the bonding strength 24 between two different pavement layers has been measured with the help of pull-off and shear 25 tests [26] . These methods mentioned before have been used for several years and considered 26 to be realistic, but cannot accurately characterise the mechanical properties of thin bitumen 1 films and bitumen-aggregate interfaces under the effect of temperature and film thickness.
2
Previous research has shown that there are several factors which may influence cohesion of a 3 bitumen film and adhesion of a bitumen-aggregate interface, including the nature and the 4 thickness of bituminous binder, the type of aggregate and temperature. Kinloch [27] found that 5 the bonding strength of polymeric adhesives measured using the Peel Test was inversely 6 proportional to the film thickness. The Peel Test has also been shown to be a suitable method 7 to measure the fracture energy of bitumen-aggregate interfaces with this parameter providing 8 a characteristic value for the failure of the joint [28] . Bitumen with a low penetration grade 9 tends to give a strong bond with aggregate while temperature plays an important role in terms the granite has a delicate texture and dense structure, as shown in Figure 3 (a). The crystalline 10 grains are partly oriented vertically to the granite surface and form a smoother surface.
11
According to Figure 3 ( dispersive X-ray data for a series of frames step by step across the specimen surface.
21
Measurement of the backscattered electron intensities allows for the segmentation of mineral 22 phases within each particle section, while EDX analysis of a given phase allows for phase 23 identification.
24
As shown in Figure 4 , minerals in the granite sample exhibit considerable texture and the The PATTI equipment was used to evaluate the fracture strength of a bitumen-aggregate is used for the analysis of the failure surface. Figure 6 shows a cross-sectional schematic of the 25 setup of the PATTI with the piston attached to a pull-stub which in turn is attached by means 26 of the bitumen coating to the aggregate substrate.
8
In order to get a well bonded specimen, the aggregate surface and the pull-stub should be wiped 1 carefully using a damp paper towel to remove any dust. After that, the aggregate and pull-stub 2 are placed in an oven and heated to a temperature of 70°C for one hour. The bitumen must be 3 heated to 150°C for 1 hour to allow it to be fluid enough to coat the aggregate plate. The liquid 4 bitumen is then poured onto a prepared aggregate plate (with the dimensions of 100mm x 5 100mm x 20mm) which is pressed immediately by a metal pull-stub to establish a good 6 bitumen-aggregate bond. In this process the film thickness of bitumen was controlled by the 7 pull-stub itself to make sure all specimens have a 0.8mm bitumen film, as shown in Figure 7 .
8 Finally, the excess bitumen at the edge of pull-stub should be removed by using a heated pallet 9 knife.
10
During the test, air pressure generated by the PATTI is transmitted to the piston which is placed in an oven at 150°C for 1 hour. Bitumen is preheated to 150°C prior to making the joint. 7. Gentle pressure is applied on top of the joint to control the thickness of the bitumen layer.
19
The pressure should be uniformly distributed over the bond area. The bonded specimen 20 is then cooled at ambient temperature overnight. The excess adhesive at the edges of the 21 specimen should be trimmed with a heated knife.
22
An Instron 5969 machine which can supply a constant rate of grip separation was used to was equivalent to the fracture displacement velocity when the peel angle is 90°:
where, is the peel rate, ̇ is the crosshead displacement rate and is the peel angle.
6
A peel speed of 10 mm/min was used in this test. The tensile force was recorded during the 7 fracture development so as to calculate the fracture energy in the next step. The fracture energy,
8
, is considered to be a geometry-independent parameter which reflects (a) the energy to break fracture energy can be derived as follows:
14 where, is the external work, is the stored strain energy in the peeling arm, is 15 the energy dissipated during tensile deformation of the peeling arm and is the energy 16 dissipated during bending of the peeling arm near the peel front.
17
In order to calculate the plastic deformation energy associated with the peel arm, it is first 18 necessary to have knowledge of the tensile stress-strain characteristics of the peel arm material.
19
So, the aluminium peel arm was subjected to tensile testing at the same cross-head speed. In order to characterise the influence of temperature on the bond strength, the PATTI test was 26 performed at six temperatures from -10°C to 40°C at 10°C intervals. Samples were conditioned 27 11 in an environmental chamber for 3 hours to get a homogeneous temperature distribution.
1
During the test, a constant rate of air pressure was applied to get repeatable results. bitumen-aggregate system and suddenly decreases to zero. Failure can be taken to occur at the 12 peak pressure (tensile stress) and is defined as the pull-off tensile strength.
13
Four tests (similar to those shown in Figure 9 ) were performed for each bitumen-aggregate shown in Figure 11 [34]. These results show an equivalent behavior where very high stiffness 24 modulus (low temperatures) results in lower tensile strength [35] .
25
As expected based on previous studies [28] In the temperature range from -10°C to 10°C, as shown in Figure 10, substrate are shown in Figure 12 . From Figure 12 (a-c) it can be seen that failure surfaces from 
20
This meant that at -10°C, the two types of bitumen (40/60 pen and the softer 70/100 pen) tended 21 to have the same tensile strength with the same aggregate.
22
With temperature increase, the two aggregates seem to give the same tensile strength. This is 23 due to the failure mechanism changing from adhesive to cohesive failure as shown in Figure   24 12(d-f). The adhesive strength at the bitumen-aggregate interface exceeds the bitumen cohesive 25 strength at temperatures of 20°C and higher. In this region, the mineral properties of the 26 aggregate cannot influence the tensile fracture strength results. 
Failure surface analysis 2 3
From -10°C to 10°C, as shown in Figure 12 the stress which is applied to the specimen is focused on these faults to cause the fracture to The tensile stress-strain test of the peel arm was performed at a speed of 10mm/min until 10 fracture occurred. The tensile stress-strain curve is shown in Figure 13 . In order to describe the 11 elastic and plastic deformation of the peel arm, the stress-strain curve should be fitted according
12
to a bi-linear or power law form [28] . The purpose of the bi-linear and power law curve fits is 13 to get a number of parameters which are used to calculate the fracture energy.
14 When < ,
When > , according to the power law work hardening model:
18
According to the bi-linear model:
20 where is yield stress and is the yield strain, 1 is the elastic modulus of the peel arm,
21
is the work hardening coefficient of the peel arm, is the ratio of plastic modulus to elastic 22 modulus, 2 1 ⁄ .
23
The measured stress-strain curve was modelled using the bi-linear model and power law model 24 as shown in Figures 14 and 15 , respectively. From these two figures it can be seen that both 25 models provide an acceptable fit with the measured data. Table 4 shows the parameters gained 26 from the fitting process.
15
The same bitumen and aggregate combinations as used in the PATTI test were used in the Peel average tensile force was used to calculate the values of the bitumen-aggregate fracture energy.
10
Four tests were performed on each bitumen-aggregate combination. The average force of each 11 sample and the parameters in Table 4 were entered into the Microsoft Excel macro IC Peel 12 software to calculate fracture energy [36] . Fracture energy results in terms of both the bi-linear With the purpose of characterising the influence of film thickness on fracture energy, the Peel conditions. However, bitumen type dominates the magnitude of the fracture energy. 
